Alpine glaciers in the central Tian Shan are an important indicator of climate change and also the freshwater tower for the transboundary countries in Central Asia. Knowledge about the glacier dynamics in the late Holocene, such as the Little Ice Age, and surface zones is still limited. In this study, two headwater basins, the Xiata and the Muzart basins, in the Harajoriha Mountain Range in northwestern China were selected to investigate the glacial landforms and glacier surface types using a combination of geomorphological mapping and remote sensing analysis. Several types of glacial landforms including glacial valleys, moraine complexes, moraine ridges, and trimlines were identified and manually digitized based on the 30 m Shuttle Radar Topography Mission (SRTM) digital elevation model, 10 m Sentinel-2 satellite imagery, and high-resolution images from Google Earth. In addition, an effective automated mapping algorithm was applied to the modern glaciers from a Landsat 8 scene using its optical and thermal bands to classify glacier facies, i.e. ice, snow, and slush zone, and supraglacial debris cover. Field trip to the forelands of the Aerqialeteer Glacier in the Xiata basin allowed detailed mapping of the proglacial environment and provided field checks for the mapping with GPS tracks and panoramic photos. Through this fused approach, the mapping results showed a combination of different sets of information connecting the glacier retreat since the late Holocene to contemporary glacier properties. They will be of particular value for future chronological reconstruction of past glacial events and for understanding how surface characteristics play a role in the heterogeneity of glacier responses to climate change.
Introduction
Located in the arid and semi-arid Central Asia, the Tian Shan glaciers are critical as "water tower", providing water resource to millions of populations [1] [2] [3] [4]. Among many near-parallel, west-easting trending mountain ranges of its 2500 km span, the central Tian Shan (CTS) encompasses the highest massif, the Tomur Massif (a.k.a. Jengish Chokusu Massif, its Peak at 7439 m asl.), marking the center of the contemporary glaciation with some of the largest glaciers developed in the sculpted valleys [5] [6] . Local people adjacent to the massif is much dependent on snow and ice meltwater for civil, agricultural, and hydroelectrical uses. Due to its transboundary nature, freshwater scarcity in CTS could be a serious issue to trigger political dispute among neighboring countries (e.g.
China, Kyrgyzstan, and Kazakhstan) [7] . Therefore, knowledge about glacier status and dynamics in this region is of fundamental scientific value to water management and related decision making [8] [9] .
Observations from remote sensing data serve a great opportunity for glacier monitoring and change detection in recent decades. Several studies have shown the undergoing significant shrinkage of glaciers in the TS (e.g. [10] - [15] ). However, this time span of the glacial history is limited by the availability of satellite or aerial imagery data sources. In order to better understand the response of glaciers to the changing climate, efforts need to be made to reconstruct a longer history of former glacial periods. The well-preserved geomorphological features in the formerly glaciated landscapes can be the valuable proxy for this need.
During the past glacial and interglacial cycles in Quaternary, the high elevations of the TS were repeatedly and extensively modified by erosional and depositional work of glacier expansions and recessions. Numerical dating of such glacial landforms has been essential to establish chronologies of Quaternary glacial advances across ranges of the TS (e.g. [16] - [22] ). In areas around the Tomur Massif in CTS, paleoglacial reconstruction has been primarily conducted on the southern flank of the mountains [5] [6] [23] [24] . Stroeven et al. [25] provides an extensive glacial geomorphology map for the TS to show a comprehensive picture of the former glaciation. However, less attention has been paid to investigate the glacial history in the late Holocene (e.g. the Little Ice Age), which connects the satellite based modern era and the ancient Pleistocene glacial history.
The cooling event of the Little Ice Age (LIA) around 1450 -1850 AD marks the most recent glacier advancing and follows the switch to retreating under the warming climate [26] [27] . The relatively fresh-looking depositional and erosional land features in the foreland and along the margins of the modern glaciers are natural archives of glacial dynamics at this centennial time scale. In this study, we mapped glacial landforms of the newly deglaciated landscapes at two headwater glacier basins of Mt. Harajoriha in the CTS, and the mapping results will lay a detailed geomorphological framework for the forthcoming age constraints of the late Holocene glacial activities.
The linkage between the late Holocene glacial land features and modern praglacial debris cover and others, and reflects the atmospheric and topographic environment in forming them. In general, the accumulation zone of a glacier is mainly dominated with snow facies, while the ablation zone is characterized by exposed glacial ice. In the CTS area, the debris-cover is often present in the lower reach of glaciers. It is estimated 20% -60% coverage of debris in ablation zones for debris-covered glaciers in the TS [28] . The presence and the thickness of the debris cover greatly influence the energy exchange between the atmosphere and the ice, and have been the focus of many studies in High Asia (e.g.
[29]- [34] ). The classification of satellite imagery acquired at the end of the melting season has long been utilized to examine the areal variations on a glacier and to estimate the equilibrium line [35] [36] [37] . Here, we adopted an automated mapping method from Bhardwaj et al. [38] to test the capability of extracting supraglacial debris and other glacier facies using Landsat 8 images on the studied glaciers.
With a fusion of field investigation, satellite imagery and digital elevation models, this study aims to present the geomorphological evidence for the late Holocene glaciation and to characterize the glacier surfaces in the glaciated areas of the Mt. Harijoriha in CTS. Due to the scarcity of field data and the remoteness of the location, a lack of research exists in the study area and this work will fill the gap by presenting the first-hand observations and mapping results. The detailed glaciological and geomorphological information will enrich our knowledge of glaciers in the less-studied region of the Tian Shan and provide insights for reconstruction of young glacial events such as the LIA and the response to the climatic forcing. center of modern glaciation in the TS [6] [41] . The orographic blocking effect on the westerlies causes the spatial variation of precipitation on the windward side and leeward side of the mountains [1] . The annual precipitation at the equilibrium line altitude (~4500 m) of modern glaciers in the CTS can be as much as 1000 mm [23] , while it decreases at a lapse rate of 30 mm per 100 m descending to piedmont at valley mouth [42] . Snow or rain fall primarily between May and September; therefore, glaciers experience both ablation and accumulation in summer [42] [43] [44] The Harajoriha Range is located to the northeast of the Peak Tomur and is within the Xinjiang Uyghur Autonomous Regions of China. The mapped area is about 489 km 2 and is focused on the upper watershed of two rivers in this range: the Xiata river (a.k.a. the North Muzart River) to the northern slope of the mountain ridge and the Muzart River to the south ( Figure 2 ). The Muzart Pass at 3582 m a.s.l. saddles across the two drainage basins and it has been a historical route for travelers to abridge north Xinjiang and south Xinjiang [45] . On the northern slope, the glacier catchment at the head of the Xiata valley (referred as the Xiata basin hereafter) supplies snow/ice meltwater to the Xiata River which flows northward to join the Tekes River and then the Ili River; on the southern slope, the Muzart glacier catchment (the Muzart basin hereafter) is the source area of the Muzart River which flows southward and then eastward to ultimately join the Tarim River. Both river systems deliver vital water resource to the socioeconomic and agricultural development in the downstream villages.
A total of 70 glaciers exist in these two headwaters. They are distributed at elevations ranging from 2700 m a.s.l. to more than 6000 m a.s.l.. The highest peak reaches up to 6553 m a.s.l. (Figure 2 ). The modern equilibrium line altitude (ELA) is estimated between 4200 m and 4500 m for glaciers at the Muzart basin [6] [45] . The largest glaciers in the Xiata and Muzart basins are the Aerqialeteer Glacier and the Muzart Glacier, respectively. Both are compound valley glaciers with several tributaries extending from cirques along the mountain ridgelines. Individual cirque glaciers, hanging glaciers and small valley glaciers are also present. Unlike the anciently glaciated downstreams, upper valleys are characterized with newly sculpted steep mountain sides, showing fresh signs of erosion and associated mass wasting processes and subsequent sediment deposition International Journal of Geosciences in the valley bottom. As a consequence of the abundance of the erodible materials and the topography, several glaciers, especially the large valley glaciers, are covered with various amount of supraglacial debris in the ablation zone. One study [6] has focused on mapping and dating the past glaciers at the Muzart valley, proposing a LIA age for the moraine at the glacier front, while no studies have been conducted in the Xiata basin on the northern slope.
Data and Methods
Both the late Holocene glacial geomorphology and the modern glacier surface classification were mapped based on a combination of various remote sensing data sources and field validation. In the end of July in 2017, a field campaign was set out to the Aerqialeteer Glacier, the largest glacier in the Xiata basin. Owing to the challenging logistics and terrains, we were only able to reach the foreland of the glacier snout on foot. Field observations are taken at the marginal LIA moraines and within the proglacial area. From there, a DJI® Mavic Pro drone was deployed to capture images and videos from an aerial perspective. Information collected from the field reconnaissance provides opportunities of ground truthing to validate and refine the mapping derived from remote satellite analyses of glacial landforms and surface types in the study.
Geomorphological Mapping
The primary imagery used for glacial landform mapping was an ESA Sentinel-2 image acquired on 9/17/2017 and freely downloaded from USGS EarthExplorer. This scene was selected because it covers the entire study area with no clouds and minimum seasonal snows and the date is not far from the field campaign. Compared to other freely accessible, commonly-used satellite imagery (e.g. Landsat TM, ETM+) in geomorphological mapping (e.g. [25] [46] [47] [48] [49] ), the Sentinel-2 imagery with a spatial resolution of 10 m in the RGB and near-infrared bands provides a better choice for years after 2015. The false-color composite (7-4-3 bands) image was imported to the ArcGIS environment where each geomorphological feature was then digitized/vectorized on screen. High resolution Google Earth imagery was frequently consulted for cross-checking and better identification of the land features with its flexible 3D visualization. Some small-scale landforms like moraine ridges were directly mapped in Google Earth and then exported and converted from the kml format to shapefiles in ArcGIS.
The NASA Shuttle Radar Topography Mission (SRTM) Global 1-arc second (~30 m resolution) Digital Elevation Model (DEM) was applied with hillshade effect to enhance the visualization of the terrain. It was used to help identify and correct the boundary of some glacial landforms with relief changes. It was also the input data for the derivation of basin boundary, contours, summits, and river channels in ArcGIS. Ridgelines were extracted automatically from the inverse DEM with the terrain analysis tool in SAGA. All of these topographic features were checked visually with the overlay of the Sentinel-2 image, and some were International Journal of Geosciences smoothened, truncated, and removed to create a clear representation of the topographic context. The mapped glacial geomorphological features include glacial valleys, moraine complex, moraine ridges, and trimlines, and are overlain on the grey-scale hillshaded DEM. All datasets and vectorized features were projected to the Universal Transverse Mercator (UTM) coordinate system Zone 44N. In the Xiata basin, GPS waypoints and panoramic photos from the field serve as validations for some on-screen interpretations of land features, especially when features have a dimension smaller than 10 m. In areas without field data, a combination of all available materials, namely the Sentinel-2 image, DEM, Google Earth, and maps from previous publications, was carefully examined to help interpret and delineate the landforms.
Classification of Surface Features
Relying on the differences in spectral and thermal reflectance characteristics, many methods have been developed to detect glaciers facies (e.g. [36] [50] [51] [52] ) and supraglacial debris cover, where the latter has been challenging due to its similarity with the surrounding terrain (e.g. [53] [54] [55] [56] [57] ). In this study, the classification of glacier surfaces, including clean ice, dirty ice, snow, slush zone, and debris cover, was attempted by applying an automated mapping algorithm proposed by [38] . The method utilizes 3 optical bands and 1 thermal band of Landsat 8 data and then calculates a band ratio for thresholding different types of the surface. The remote sensing analysis steps are outlined in a flowchart ( Figure 3 ). Prior to the band math, 16-bit unsigned DN (digital number) values of the Landsat 8 optical and thermal bands need to be converted to the ρ λ , "TOA (top of atmosphere) reflectance" and T, "at-satellite brightness temperature" with parameters from the metadata file of the Landsat scene. The conversion formulae are provided and updated by the USGS Landsat Missions, and the most recent version of the formulae was applied to obtain ρ λ for optical bands of 1, 5, 6, 9 and T for the thermal Band 10 in this case ( Figure 3 ). A late summer Landsat 8 OLI/TIRS scene acquired on 9/4/2017 was selected because of its minimal cloud cover and no snow cover to ensure only capturing the glacier features. Glacier boundaries were obtained from the Randolph Glacier Inventory Version 6.0 (www.glims.org/RGI/) and were used for subsetting the ratio image. Threshold values for dividing various surface types were slightly modified from the original divisions in [38] depending on this particular scene and are provided in Table 1 .
Results and Discussion
In this section, a case study was first produced for the proglacial landscapes in , L A A ρ = Band-specific additive rescaling factor; T = TOA brightness temperature (Kelvin); L λ = TOA spectral radiance; 1 2 , K K = Band-specific thermal conversion constant. Table 1 . Classification of various surface types based on threshold values modified from [38] . 
Proglacial Geomorphology in Xiata Basin
The showing active melting in the late summer (Figure 4(f) ). The thickness of the debris-cover is visually estimated to be about 10 m -20 m across various parts.
The land surface patterns and processes within the proglacial environment are rapidly changing and represent a revenue that displays a continuity between the late Holocene glacial heritages and the present-day glacier characteristics. Figure 5 ). Location of the area is marked in Figure 5 .
Descriptions of Glacial Landforms
with height more than 2 m can be commonly found at the surface of latero-frontal moraines (Figure 4(g) ). The LIA terminal moraines can stand up to 30 -40 m above the adjacent lower terrain and are often in arc-shape encompassing a moraine-dammed proglacial lake or incised by meltwater streams.
Lateral moraines are sharp-crested and linearly located along the valley sides. Trimline is a near-horizontal linear feature along the sidewall of a glacial valley that marks the higher stand to which the former glacier was able to erode. It is an indicator of the previous thickness of the glacier. During the LIA maximum, a thicker glacier advanced down the valley and impacted the surface that was in contact with the moving ice. In the studied basins, erosional actions removed surface vegetation, and as the LIA glacier retreated and its surface was lowered, a clear boundary is exposed to separate the vegetated surface and the 
Glacier Surfaces
Because the dynamics of a glacier are largely determined by the mass and energy exchange between the overlying atmosphere and the glacier surface, it is an im- [38] . The output pattern of each distinct type of glacier surfaces reflects the general zonation of accumulation and ablation in glacier mass balance. As shown on the classified map ( Figure 5 ), glaciers in both the Xiata basin and Muzart basin are predominantly composed of clean ice at the surface, indicating the ablation-induced mass loss exceeding the mass gain through the accumulation of snow. This can be explained from the acquisition date (9/7/2017) of the selected Landsat 8 image. This time of the year corresponds to the end of the ablation season, when the accumulation of snow from the previous winter has been mostly melted and the solid bare ice gets exposed to the surface before the new accumulation season starts. The snow zone where the winter snow does not melt throughout the summer is only present at limited extents, particularly at higher altitudes (above 5000 m a.s.l.) and north-facing slopes in the Muzart basin ( Figure 5 ). In contrast, the highest elevations of the Xiata glaciers are below 5000 m a.s.l. and snow facies are almost completely absent at their surfaces, suggesting the lack of permanent accumulation zone at the end of ablation season. On the one hand, this observation implies that local topographic factors, such as elevation and aspect orientation, can strongly influence the evolution of glacier mass gain or loss over time. On the other hand, it may suggest other potential sources for accumulation other than the persisting solid precipitation that account for the mass input to the glaciers. More investigation is needed to examine the role of wind-blown snow or avalanching in contributing the mass gain to these shrinking glaciers. During the ablation season, the slush zone may appear as an area completely saturated with water and graded up glacier into the wet snow facies, as defined in [36] . The discrimination of this zone in the Harijoriha shows a small area along the margin of snow zones ( Figure 5 ). This agrees with its concept as an ephemeral transition zone from the ice facies and the snow facies [36] . Crevasses were extracted when the mapping algorithm applied to glaciers in the Indian Himalaya [38] , however, they cannot be derived in our study International Journal of Geosciences area. Another prominent feature distinguished from the automated mapping is the supraglacial debris. Using the pre-defined glacier boundaries from the glacier inventory, extensive debris-covered regions were detected in the ablation areas of some valley glaciers ( Figure 5, Figure 6 ). Dirty ice pixels, which delineate the ice mixed with debris, are often found in between the debris areas and the clean-ice. Large patches of dirty ice are clearly seen at the lowest portion of the two main glaciers, the Aerqialeteer and the Muzart Glaciers ( Figure 6 ). From satellite images and field observations, this part of the glacier demonstrates a thick and rugged debris surface with dead ice buried underneath (Figure 4(d) , Figure 4 (f)), whereas the debris surface with active ice up glacier is smoother and shows more streamlined flow features ( Figure 5 ).
Quality and Uncertainty
The results are considered to provide a detailed record of the late-Holocene gla- Increasing the accuracy level of the prerequisite glacier data offers a way to improve the accuracy of the mapping results.
Conclusion
The To refine the classification result, the accuracy of the prerequisite glacier outlines needs to be improved. Field check was particularly helpful when the lower reach of the glacier is obscured by dead ice with a thick layer of debris cover. Despite the limitation and uncertainties, the dataset produced by this study presents the glaciological and geomorphological characteristics of the intensely glaciated environment and showcased the applicability of remote sensing mapping in understudied places like central Tian Shan.
